Abstract Walleye dermal sarcoma (WDS) is a benign tumor of walleye fish that develops and completely regresses seasonally. The retrovirus associated with this disease, walleye dermal sarcoma virus, encodes three accessory genes, two of which, rv-cyclin (orfA) and orfb, are thought to play a role in tumor development. In this study, we attempted to recapitulate WDS development by expressing rv-cyclin in chimeric and stable transgenic zebrafish. Six stable transgenic lines expressing rv-cyclin from the constitutive CMVtk promoter were generated. Immunohistochemistry and quantitative reverse transcriptase polymerase chain reaction demonstrate that rv-cyclin is widely expressed in different tissues in these fish. These lines were viable and histologically normal for up to 2 years. No increase in tumors or tissue proliferation was observed following N-ethyl N-nitrosourea exposure or following tail wounding and subsequent tissue regeneration compared to controls. These data indicate that rvcyclin is not independently sufficient for tumor induction in zebrafish.
Introduction
Walleye dermal sarcoma virus (WDSV), an Epsilonretrovirus, was first identified in association with benign cutaneous proliferative lesions in walleyes (Sander vitreus) (Martineau et al. 1992) , known as walleye dermal sarcoma (WDS), and was found to be highly enriched within neoplastic cells (Poulet et al. 1995) . Subsequent molecular characterization of WDSV identified three novel open reading frames: rv-cyclin (orfA), orfB, and orfC. The accessory genes rv-cyclin and orfb are located downstream of env in the 3′ proximal region of the genome, and orfC lies between the 5′ long terminal repeat and gag (Holzschu et al. 1995) .
Several observations suggest that rv-cyclin and OrfB may play a central role in inducing cell proliferation, leading to WDS. In developing WDS fall tumors, low levels of spliced viral transcripts are present that are capable of encoding rv-cyclin and OrfB exclusively (Quackenbush et al. 1997) . The rv-cyclin protein contains a region homologous to the cyclin box fold (LaPierre et al. 1998 ). Functionally, rv-cyclin complements cyclin function in G1 cyclin-deficient yeast (Saccharomyces cerevisiae) to promote cell cycle progression (LaPierre et al. 1998) . Expression of rv-cyclin in transgenic mice from the bovine keratin-5 promoter causes wound-associated severe squamous epithelial hyperplasia and dysplasia (Lairmore et al. 2000 ). An additional function for rv-cyclin in transcriptional regulation may be mediated through an interaction with cyclin-dependent kinase 8 (CDK8), a component of the mediator complex (Rovnak and Quackenbush 2002) . The rv-cyclin protein also has a functional transcription activation domain in the carboxy end, outside of the cyclin box fold, which directly contacts TATA-binding proteinassociated factor 9 (TAF9) Quackenbush 2002, 2006) . A functional activation domain is necessary for both the inhibition and the activation of transcription by the rv-cyclin protein in vitro (Rovnak and Quackenbush 2006; Quackenbush et al. 2009 ).
Zebrafish (Danio rerio) have been utilized in cancer research in both chemical carcinogen and in genetic studies (Amatruda and Patton 2008; Feitsma and Cuppen 2008; Stern and Zon 2003) . In these systems, zebrafish develop a wide spectrum of proliferative diseases including epidermal hyperplasias and neoplasias (Spitsbergen et al. 2000a, b; Beckwith et al. 2000) . To investigate the ability of WDSV rv-cyclin to induce cell proliferation, we have expressed this viral accessory gene in transgenic zebrafish and monitored for proliferative changes. In this study, we report the creation of stable transgenic zebrafish lines that express WDSV rv-cyclin from the constitutive CMVtk promoter. In this system, rv-cyclin expression is insufficient to induce tissue proliferation or increase the incidence of cancer, even after exposure to chemical mutagens.
Materials and Methods

Plasmid Constructs
Plasmids pKH3orfA, which expresses WDSV rv-cyclin (OrfA) with an N-terminal HA tag from a CMV promoter, and pcDNA3.1orfA have been previously characterized (Rovnak et al. 2001; Rovnak and Quackenbush 2002) . pCMVtkmrkYY (gift of C. Winkler, U. Würzburg) contains the Xiphophorus Xmrk mini-gene driven by a CMVtk promoter (Winkler et al. 1994 ). The CMVtk promoter was isolated by polymerase chain reaction (PCR) cloning using forward primer CMVtkF 5′GCTCTAGATCTGCTTATA TAGACCTCCCACCGTA3′ with an XbaI site added and reverse primer CMVtkR 5′AGATCTGCGGCACGC TGTTGA3′ with a BglII site added. The DNA sequence of the promoter was verified, and it was cloned into shuttle vector pSF1 using BglII and XbaI sites to generate pSF1CMVtk. pCMVtk rv-cyclin was constructed by removing orfA and the polyadenylation (pA) signal from retroviral vector pLNACL with a HindIII and partial XhoI digestion and ligating into HindIII and SalI digested pSF1CMVtk. To generate pCMVtkGFP, the EGFP gene and pA signal were PCR cloned from pEGFPN-1 using forward primer (EGFP-F) 5′CTCAAGCTTCGAATTCTGA CG3′ and reverse primer (EGFP-R) 5′CCGCTCGAGAC GCCTTAAGATACATTGATGAGTT3′. HindIII and XhoI sites were added to the forward and reverse primers, respectively. The fragment was cloned into the HindIII and SalI sites of pSF1CMVtk (Fig. 1) .
The plasmid pKrt8GFP (originally named pCK-EGFP), which expresses green fluorescent protein (GFP) from the zebrafish krt8 gene promoter, has been previously described (Ju et al. 1999) . To construct pKrt8 rv-cyclin, the GFP gene was removed from pKrt8GFP using BamHI and NotI enzymes. The rv-cyclin gene was removed from pcDNA3.1orfA with BamHI and NotI enzymes and ligated into the corresponding sites from pKrt8GFP ( Fig. 1) . Control plasmid Δptr rv-cyclin was constructed by excising the krt8 promoter from pKrt8orfA by self-ligation following digestion with BamHI and BglII.
Zebrafish Egg Production and Microinjection
We used wild-type zebrafish of the Cornell line (K.E. Whitlock; Cornell University) which were AB fish (University of Oregon) crossed to descendants of wild-type commercial fish that underwent a selection against deleterious lethals. Fish were reared in a recirculating system Fig. 1 Plasmid DNA constructs used for oncogene microinjections. Reporter gene constructs express enhanced green fluorescent protein (EGFP) under the control of a ubiquitous promoter CMVtk (Herpes Simplex Virus-1 thymidine kinase core promoter elements fused to enhancer sequences derived from the cytomegalovirus immediateearly promoter) or the zebrafish krt8 gene promoter that expresses in the superficial layer of epithelium (Ju et al. 1999) (Aquatic Habitats) in a 14-h light, 10-h dark cycle at 28°C. The fish were fed twice daily with either crushed TetraMin Tropical Flake (Blacksburg, VA) or live artemia from INVE (Grantsville, UT). Single-pair crosses were set up in divided breeder traps, and embryos were collected typically15 min after the divider was removed.
Before injection, plasmids were linearized upstream of the promoter region and purified using GeneClean (Qbiogene; Carlsbad, CA).
Micropipets with a 1.2-mm outside diameter and 0.94-mm inside diameter were pulled on a Sutter Brown-Flaming micropipet puller and beveled on a World Precision Instruments microbeveler. For microinjection, linearized DNA was resuspended at a concentration of 500 μg/mL in DNA injection solution (100 mM KCl, 0.02% phenol red, pH 7.0). GFP plasmids (Fig. 1) , pCMVtkGFP and pKrt8-GFP, were mixed 1:1 with oncogene-expressing constructs, such that each plasmid was at a final concentration of 250 μg/mL when injected. Approximately 1 nL of DNA was microinjected using a Narishige foot-pedaloperated gas injector into the cytoplasm of single-celled, fertilized embryos. Injected embryos were maintained in Holtfreter's solution (60 mM NaCl, 2.4 mM sodium bicarbonate, 0.8 mM calcium chloride, 0.67 mM potassium chloride) supplemented with 1 μg/mL of methylene blue at 28°C.
Generation of Stable Transgenic Zebrafish
The walleye accessory gene expression plasmid pCMVtk rv-cyclin was co-injected with pKrt8-GFP. At 5 days postinjection, embryos with the highest levels of GFP fluorescence were isolated and maintained according to The Zebrafish Book (Westerfield 1994) . At sexual maturity, fish were mated and the progeny examined for GFP fluorescence. One hundred embryos were also collected from each cross and genomic DNA prepared by a Qiagen DNA blood kit (Qiagen Inc). DNA (100 ng) was analyzed by PCR for the presence of the pCMVtk rv-cyclin transgene using forward primer CMVtkF (see above) and reverse primer orfA anti-135 (5′CCATGTGTTCGGGGTAGCTT3′). PCR reaction conditions were: 30 s denaturation at 94°C, annealing at 55°C for 30 s, and extension for 1 min at 72°C. After 35 cycles, the samples were incubated 10 min. at 72°C and analyzed on a 1.5% agarose gel.
Western Blot
Zebrafish co-injected with pCMVtk rv-cyclin and pKrt8GFP were screened for GFP fluorescence at 24 h post-injection. GFP-positive embryos were grown to adults. At 3 days, 1 month, and 3 months, tissues were collected from injected fish for western blot analysis of protein expression. Zebrafish tissues were suspended in lysis buffer containing 1% Triton-X 100, 150 mM NaCl, 10 mM Tris (pH 7.5), 1 mM EDTA, pH 8.0, 1 mM EGTA, pH 8.0, 0.2 mM sodium orthovanadate, 0.2 mM phenylmethylsulfonyl fluoride, and 0.5% NP-40. Tissues were homogenized on ice with a dounce homogenizer and frozen in liquid nitrogen. After centrifugation, protein concentrations were determined using a Bradford assay (Bio-Rad). For a positive control, zebrafish ZF4 cells (Driever and Rangini 1993) were transfected with pCMVtk rv-cyclin using Lipofectamine reagent. Approximately 10 μg of denatured protein for each sample were loaded onto a 10% Bis-Tris gel (Invitrogen) and run in NuPAGE MOPS SDS running buffer (Invitrogen). Protein was transferred to a nitrocellulose membrane and blocked in TBST (150 mM NaCl, 10 mM Tri, pH 8.0, 0.1% Tween-20) containing 5% milk. The blot was then incubated with a polyclonal rv-cyclin antibody (Rovnak et al. 2001) for 1 h at 37°C at a 1:100 dilution and treated with a goat anti-rabbit IgG secondary antibody conjugated to horseradish peroxidase (KPL) and detected with 3, 3′, 5, 5′-tetramethylbenzidine (KPL).
Quantitative Reverse Transcriptase-PCR
For quantitative reverse transcriptase-PCR (qRT-PCR) analysis of transgene expression, cross-sections of tissue were collected from one zebrafish from each WDSV rvcyclin transgenic line. From founder 26, we removed tissues from the skin, tail fin, muscle, brain, and intestine. Tissue samples were homogenized in glass tissue grinders on ice in 1 mL of RNAzol (Tel-test, Inc.); RNA was extracted and pelleted from the homogenate according to the manufacturer's protocol. The total RNA was treated with RNase-free DNase I for 15 min at room temperature, then heat-inactivated for 15 min at 65°C.
qRT-PCR was performed with the Taqman one-step RT-PCR kit and ABI 7700 quantitative PCR instrument (both Applied Biosystems). Primers and probes were designed by Primer Express Software (Applied Biosystems) to amplify a 100-bp region of the rv-cyclin gene. The qRT-PCR reaction was performed with 50 ng of total RNA in 1× Master Mix without UNG, 1× multiscribe, and RNase inhibitor mix. Forward primer 5′CCAGCACAATTACCTCTTGTGG3′, reverse primer 5′CCAGCCTTGAATGTGCCTCT3′, and probe 5′ [6-FAM]-CGCATGCCTCCAGATAGCTGCT AAACAC-[TAMRA]3′ were at final concentrations of 300, 300, and 100 nM, respectively. Thermal cycling began with a 30-min RT step at 48°C, followed by a 10-min hold at 95°C for AmpliTaq activation, and 40 cycles at 15 s 95°C denaturing and 1 min 60°C annealing and extension.
For an rv-cyclin RNA standard, pCMVtk rv-cyclin was linearized by digestion with BamHI. The rv-cyclin gene was then transcribed from the vector's T7 promoter using the MAXIscript T7 kit (Ambion). Resulting RNA was precipitated and redissolved according to the manufacturer's protocol. Final RNA concentration was determined by an OD 260 measurement with a spectrophotometer. Tenfold serial dilutions from a starting concentration of 1×10 6 copies were prepared for a standard curve. Copy numbers in unknown samples were determined from a standard regression fit using the supplier's software (Applied Biosystems).
N-Ethyl N-Nitrosourea Mutagenesis and Tail-Fin Regeneration
N-Ethyl N-nitrosourea (ENU) treatment was based on conditions used in the study by Moore et al. (2006) , previously shown to induce both somatic and germ-line mutations at a high frequencies. ENU (Sigma) was dissolved in 10 mM sodium phosphate, pH 6.5, by injection into bottles yielding a solution of final concentration of approximately 100 mM. The dissolved ENU solution was used within 1 h of being dissolved. One-month-old rvcyclin transgenic, GFP transgenic, or control zebrafish was treated with 3.0 mM ENU at 25°C for 1 h every 3 days, for a total of three treatments. Following each treatment, fish were placed in a series of recovery baths and returned to the recirculating system.
Tail-fin amputations were conducted on fish anesthetized in tricaine (MS222; Sigma). A scalpel cut was made half way between where the scales end and the tip of the caudal fin. The fish were returned to fresh water and monitored for 48 h before being returned to the recirculating system.
Histology and Immunohistochemistry
Zebrafish were initially examined stereomicroscopically for presence of skin proliferative lesions or lesions consistent with walleye dermal sarcoma. Tissue histology was done according to published protocols (Luna 1968; Bowser and Wooster 1991) . The fish were preserved in 10% neutral buffered formalin and then decalcified in sodium EDTA prior to sectioning, which consisted of five sagittal sections of whole fish at the following locations starting from the left side: (1) one-fourth way to midline, (2) one-half way to midline, and (3) at midline sagittal plane for untreated transgenic and control zebrafish. ENU-treated zebrafish caudal fin was initially removed, and the remainder of the fish was sectioned in half sagittally. The two halves and tail were then sectioned three times. All sections were treated with hematoxylin and eosin stains.
Immunohistochemistry was conducted on 5-μm transverse sections made midway through the caudal fin. For antibody staining, sections were deparaffinized in graded ethanol solutions and incubated with 1:500 dilutions of polyclonal rabbit antiserum reactive to rv-cyclin or normal rabbit serum for 1 h at 37°C (Rovnak et al. 2001; Daniels et al. 2008) followed by a 1:40 dilution of affinity purified goat anti-rabbit rhodamine isothiocyanine conjugate (RITC; Kirkegaard & Perry Laboratories). Nuclei were counterstained for 1 h in 300 μM 4′,6′-diamidino-2-phenylindole (DAPI). Individual images were captured in color on a Nikon Eclipse 80i and overlaid and composed with Photoshop 7.0 software (Adobe).
Results
Evaluation of the CMVtk Promoter in Zebrafish
The CMVtk promoter has previously been demonstrated to drive strong, constitutive expression of reporter genes in medaka (Oryzias latipes) from late blastula onwards to posthatching stages (Winkler et al. 1992) . To evaluate the activity of this promoter in zebrafish, we fused promoter sequences to the enhanced green fluorescent protein (EGFP) gene (Fig. 1) . When the DNA is microinjected into zebrafish embryos, expression of GFP is first visible during the late gastrula period (8-10 h post-injection). Expression appears to be mosaic, i.e., certain patches of cells express the reporter gene, and almost all injected embryos expressed GFP to some level ( Fig. 2a-d) . After screening several embryos, we found that the activity of this promoter appears ubiquitous in vivo. However, certain cell types such as muscle and notochord appear to express GFP more frequently (Fig. 2a-d ).
Chimeric Expression of Walleye Cyclin Homologs
We evaluated the effects of rv-cyclin expression from the CMVtk promoter or from a skin-specific zebrafish promoter, krt8, in developing zebrafish. Linearized expression constructs (250 μg/mL) were microinjected into two-cell stage zebrafish embryos with a GFP reporter plasmid, pCMVtkGFP or Krt8GFP. Viable embryos selected for GFP expression post-injection were found to reliably express rv-cyclin. Developmental defects and lethality were scored in GFP-expressing fish for 4 days. Over a 4-day period, there appeared to be a slight increase in lethality in embryos expressing rv-cyclin (12% day 1; 16% day 4) from the CMVtk promoter; however, lethality was not statistically higher in embryos injected with CMVtk rv-cyclin compared to embryos injected with control constructs at any time point (Fisher's exact test) (Fig. 3a) . Embryos expressing rv-cyclin (3% day 1; 10% day 4) from the krt8 promoter did not have increased lethality compared to control constructs (Fig. 3b) . Numbers of developmental defects observed in rv-cyclin-expressing fish over the 4-day period were not significantly different from levels seen in control injected embryos (data not shown). Observed developmental defects included pericardial edema, bent axis, subcutaneous edema of the yolk sac, and disorganized tissue, typically seen in areas of high GFP expression. Microscopically, we did not observe signs of proliferation in the tissues of any of these fish.
To determine if a higher concentration of rv-cyclin affects the levels of lethality, we titrated injected Krt8 rvcyclin DNA at three concentrations (500, 100, and 10 μg/ mL) while maintaining the same injection volume. Higher concentrations of injected DNA nonspecifically increased lethality in embryos within 24 h of development in Krt8 rvcyclin and control construct injected embryos (Fig. 3b) . Levels of lethality in embryos injected with 500 μg/mL of Krt8 rv-cyclin (30%) at 1 day were not substantially higher with control DNA (25% Δptr rv-cyclin). Similarly, lower concentrations of Krt8 rv-cyclin injected DNA (100 and 10 μg/mL) did not increase lethality in developing embryos compared to control DNA. Over 4 days of development, slight increases in the level of lethality occurred for all injected constructs including control DNA (Fig. 3b) . No increase in development defects was observed in rv-cyclinexpressing embryos compared to control injected embryos.
Production of Transgenic Zebrafish Expressing rv-cyclin
To generate lines of transgenic zebrafish that stably express rv-cyclin and also co-express GFP as a sortable genetic marker, we injected single-cell zebrafish embryos with two separate plasmid DNAs expressing the rv-cyclin protein from the CMVtk promoter or GFP from the krt8 promoter. Embryos co-injected with DNAs expressing the rv-cyclin protein from the CMVtk promoter and GFP from the krt8 promoter were selected for GFP expression after 24 h (Fig. 4a) . We found that co-injected zebrafish embryos selected for GFP expression in most cases also express rvcyclin for up to 3 months post-injection (Fig. 4b) .
GFP-expressing zebrafish that express rv-cyclin from the CMVtk promoter were selected 5 days post-injection for the highest distribution of GFP expression and grown to maturity. In many cases, GFP expression covered one half of the fish extending laterally and was predictably limited to the skin. Of the 42 GFP-expressing chimeric adults we isolated and bred, nine transmitted the GFP transgene to their progeny. Six out of nine GFP-expressing lines were also PCR positive for the CMVtk rv-cyclin transgene. Twelve additional fish produced embryos that were PCR positive for CMVtk rv-cyclin but did not express GFP. The frequency of transgenic offspring from rv-cyclin founder fish co-expressing GFP ranged from 1% to 29%, indicating that founders are mosaic in their germ line.
Transgenic lines of rv-cyclin-expressing zebrafish have been carried to the F2 generation. In all cases, the CMVtkrv-cyclin and Krt8GFP genes co-segregate at Mendelian frequencies. This provides evidence that these genes have stably integrated into the same locus in the zebrafish genome. 
Characterization of Stable Transgenic Lines
Transgenic lines of rv-cyclin-expressing zebrafish were analyzed by RT-PCR for the expression of the rv-cyclin transgene. For analysis, levels of rv-cyclin RNA isolated from transgenic founders 3, 5, 9, 26, and 34 were directly compared against a standard of in vitro transcribed rvcyclin. The rv-cyclin transcript was present in all five transgenic lines and ranged from 1,490 copies per 50 ng total RNA in founder 34 to 8,470 copies per 50 ng total RNA in founder 26 (Fig. 5a) . Overall, there appeared to be no significant difference between rv-cyclin-expression levels in different founders.
To characterize the tissue distribution of rv-cyclin expression from the constitutive CMVtk promoter, we isolated RNA from the tail fin, skin, muscle, brain, and internal organs of transgenic fish from one F1 transgenic fish from founder 26. qRT-PCR analysis indicated that rvcyclin expression appeared in all tissues at similar rates ranging from an average of 9,970 copies per 50 ng RNA in tail fin to 1,060 copies per 50 ng RNA in brain (Fig. 5b) . Rv-cyclin protein was detected in CMVtk rv-cyclin transgenic zebrafish by immunohistochemistry of transverse sections of caudal tail region. In rv-cyclin transgenic zebrafish, protein levels were highest in muscle and surface epithelium of the skin (Fig. 4c-d) .
Histologic Evaluation of Tumor Incidence in Transgenic Zebrafish
Transgenic zebrafish stocks of 100 to 150 fish expressing rv-cyclin from the CMVtk promoter have been maintained for a 3-year period with no visible tumor formation. These fish were killed at 3 years of age and assessed grossly and microscopically for lesions in the skin and other tissues by histological evaluation for tumor development. No external abnormalities were observed in CMVtk rv-cyclin or control fish. Additionally, histology conducted on sagittal sections Fig. 4 Expression of rv-cyclin in embryos co-injected with Krt8GFP. a Expression of GFP in the skin of co-injected embryos. b Expression of GFP in injected chimeric embryos correlates with rv-cyclin protein expression detected by western blot in zebrafish at 3 days, 1 month, 2 months, and 3 months of age. Immunohistochemistry of caudal tail transverse sections (40×-dorsal side up) from adult stable transgenic zebrafish (F1 offspring from founder 26) for Krt8-GFP and CMVtk rv-cyclin (c, d), treated with control antiserum (c) or rv-cyclin antibody (d). GFP expression in green, DAPI staining in blue, and rv-cyclin expression in red Fig. 3 Lethality resulting from rv-cyclin expression in injected zebrafish embryos during the first 4 days of development. a Percentage of lethality in embryos injected with CMVtk rv-cyclin at 250 μg/ml. Krt8 rv-cyclin (b) DNA was injected at 500 and 100 μg/ml and percentages of nonsurviving embryos recorded. All embryos were co-injected with a GFP reporter construct to monitor for successful injection and scored over the first 4 days of development. Control embryos were co-injected with a promoter-deletion plasmid (Δptr) and a GFP reporter plasmid. Data are presented as percentage of lethality of 200 injected embryos of CMVtk rv-cyclin or control transgenic fish identified no internal proliferative lesions. These data suggest that rvcyclin expression is not sufficient for the induction of proliferative changes in zebrafish (Table 1) .
To assess the necessity for secondary mutations to collaborate with WDSV rv-cyclin in inducing tumor formation, we treated rv-cyclin-expressing zebrafish with ENU at 1 month of age. These fish were maintained for a period of 2 years with no incidence of grossly or stereomicroscopically visible tumor formation. Histological evaluation of these ENU-treated fish revealed spermatocytic seminomas of the testis in two CMVtk rv-cyclin , two Krt8-GFP, and one control zebrafish. Rv-cyclin fish had a similar incidence of tumor formation (15%) compared to GFP-expressing fish (15%). One rv-cyclin fish exhibited a malignant peripheral nerve-sheath tumor, a tumor not observed in control fish in this study. Given the low incidence of this tumor and the fact that malignant peripheral nerve-sheath tumors are relatively common in many laboratory colonies of untreated zebrafish, this tumor is most likely an incidental finding (Kent et al. 2007; Spitsbergen and Kent 2003) (Table 1) .
Skin-specific expression of WDSV rv-cyclin in a transgenic mouse model has been demonstrated to induce hyperplasia in response to wound healing (Lairmore et al. 2000) . To address the effects of tissue regeneration in CMVtk rv-cyclin in the transgenic zebrafish model, we amputated the tail fin of adult zebrafish and followed tissue regeneration. Full regeneration occurred within 1 month. We observed these fish for 6 months, and they appeared grossly and histologically similar to control fish (Table 1 ).
Discussion
We have utilized an experimental system with zebrafish to study the capacity of the WDSV accessory gene, rv-cyclin, to induce proliferative changes in developing embryos and in transgenic adult fish. We demonstrate that rv-cyclin expression in developing embryos as well as in transgenic adults does not cause developmental defects or proliferative changes. In support of these results, we have maintained rvcyclin expressing chimeric and transgenic zebrafish for 3 years and successive generations without apparent phenotypic change. Consistent with these observations, Zhan et al. (2010, submitted with this manuscript) found that rv-cyclin expression protects the fish liver from carcinogen damage and delays onset of malignancy.
Translucent zebrafish embryos are especially well suited for these studies since early developmental phenotypes resulting from oncogene expression can be visualized. Expression of injected DNA in embryos is initially highly mosaic; however, integration into cells of the germ line allows the production of stable transgenic lines of oncogene-expressing zebrafish. Although expression of genes in chimeric fish is limited to certain areas, it may be a more representative model of viral or chemical tumorigenesis in situ, in which isolated groups of cells containing activated oncogenes interact with nontransformed neighbor cells. The chimeric expression system has previously been utilized to demonstrate that the Xmrk receptor tyrosine kinase from Xiphophorus induces neoplastic growth in injected medaka fish at 1 week postinjection (Winkler et al. 1994) .
One explanation for the inability of the rv-cyclin to induce neoplastic transformation in zebrafish is that these genes may require additional genetic changes or tumor promotion in order to induce proliferative changes. A RNA copy numbers were determined by plotting the threshold cycle (C T ) value of each sample against that of a standard curve constructed from rv-cyclin standards. Numbers indicate rv-cyclin copies per 50 ng total RNA. Bars represent ± 1 standard deviation multistep model for tumorigenesis is well established in mammalian systems in both clinical and experimental studies (Hanahan and Weinberg 2000) . The requirement for secondary genetic events in transgenic mice is evident by the latency periods between oncogene expression and tumor formation. The introduction of secondary oncogenes or application of tumor promoters has been shown to reduce latency periods and cause more severe phenotypes (Macleod and Jacks 1999). Interestingly, transgenic mice expressing WDSV rv-cyclin from the bovine keratin-5 promoter require wounding to induce neoplastic growth, supporting the need for a secondary promotion event (Lairmore et al. 2000) . However, in this model, induced hyperplastic skin lesions do not fully recapitulate WDS tumors.
Dermal sarcoma development and regression are seasonal in infected fish populations and are associated with qualitative and quantitative changes in viral gene expression (Quackenbush et al. 1997) . To assess if additional components of WDSV are necessary for tumor formation, we have recently created transgenic zebrafish lines expressing OrfB individually or in combination with rv-cyclin. Both transgenic lines have been maintained with no increase in tumor incidence over a 2-year period. Although we cannot rule out that additional components of WDSV are necessary for WDS, it is likely that additional host factors are involved in disease progression. In our system, a long latency period (3 years) or chemical mutagenesis was not sufficient to increase tumor formation in rv-cyclin transgenic zebrafish. Additionally, tail-fin wounding and subsequent tissue regeneration were unable to promote abnormal cell proliferation or cell differentiation. The possibility exists that the function of walleye accessory genes may not be conserved in zebrafish or that the zebrafish transgenic systems may not faithfully recapitulate the WDSV target-cell population in nature. It is of interest that transgenic expression of mammalian oncogenes including mouse c-myc (Langenau et al. 2003) , human NOTCH (Chen et al. 2007) , and the human translocation product TEL-AML1 (Sabaawy et al. 2006 ) have conserved oncogenic function in zebrafish. An alternative explanation is that zebrafish, as a species, may be more resistant to neoplasia than inbred strains of mice. Lifetime rates of spontaneous tumor development in certain inbred lines of mice can be as high as 100% (Näf et al. 2002) . Comparatively, studies by Spitsbergen et al. (2000a, b) , found that the incidence of spontaneous neoplasia in wild-type zebrafish grown under optimal dietary and husbandry conditions may be as low as 1% at 1 to 1.5 years of age and 2% at 2 years of age. In tumor-prone zebrafish mutants, cancer incidence is close to 30% (Haramis et al. 2006; Berghmans et al. 2005; Faucherre et al. 2008 ). Lastly, it is possible that genome duplication before the teleost radiation (Taylor et al. 2003 ) may provide a degree of redundancy in tumor suppressor loci that make zebrafish more resistant to cancer.
Although the causal role of WDSV in dermal sarcoma development has not been conclusively established, there is substantial evidence that rv-cyclin interacts with host proteins involved in cell cycle progression and transcription, the dysregulation of which may be involved in tumorigenesis. The establishment of a cell-culture-based system in which infectious WDSV particles can be propagated (Rovnak et al. 2007 ) may provide a more compelling experimental model for clarifying whether WDSV is exclusively involved in WDS development.
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